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ABSTRACT
The shock L1157-B1 driven by the low-mass protostar L1157-mm is an unique envi-
ronment to investigate the chemical enrichment due to molecules released from dust
grains. IRAM-30m and Plateau de Bure Interferometer observations allow a census of
Si-bearing molecules in L1157-B1. We detect SiO and its isotopologues and, for the
first time in a shock, SiS. The strong gradient of the [SiO/SiS] abundance ratio across
the shock (from ≥ 180 to ∼ 25) points to a different chemical origin of the two species.
SiO peaks where the jet impacts the cavity walls ([SiO/H2]∼ 10
−6), indicating that
SiO is directly released from grains or rapidly formed from released Si in the strong
shock occurring at this location. In contrast, SiS is only detected at the head of the
cavity opened by previous ejection events ([SiS/H2]∼ 2×10
−8). This suggests that SiS
is not directly released from the grain cores but instead should be formed through
slow gas-phase processes using part of the released silicon. This finding shows that
Si-bearing molecules can be useful to distinguish regions where grains or gas-phase
chemistry dominates.
Key words: stars: formation – ISM: jets and outflows – ISM: molecules – astrochem-
istry
1 INTRODUCTION
The gravitational infall from which a new star is formed is
accompanied by the ejection of highly supersonic jets. The
shocks produced when the jet impacts the parental cloud
deeply change the chemical composition of the shocked gas
due to both gas heating and compression, and dust grain
erosion and disruption. These processes produce a strong
enhancement of the abundance of some molecules, which
⋆ Based on observations carried out with the IRAM Plateau
de Bure Interferometer. IRAM is supported by INSU/CNRS
(France), MPG (Germany) and IGN (Spain).
† E-mail: lpodio@arcetri.astro.it
are either released off the dust grains or formed in the gas
(e.g., Bachiller & Pe´rez Gutie´rrez 1997).
Some molecules, e.g. H2O, S-bearing molecules, and
methanol, are trapped into the icy mantles of dust grains
and are released in gas-phase when the dust is heated (e.g.
in a hot corino) or eroded in a shock. At difference, silicon is
stored mainly in the core of dust grains (and in much smaller
quantities, ≤ 10%, in the grain mantle or in gas-phase,
Gusdorf et al. 2008b) and is likely released in gas-phase only
when the grain core is destroyed via gas-grain (sputter-
ing) or grain-grain collisions (shattering and vaporisation)
(e.g. Gusdorf et al. 2008a; Guillet et al. 2011). Therefore,
Si-bearing molecules, such as SiO, are a selective and pow-
erful probe of shocked regions. However, while SiO has been
c© 2015 The Authors
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Figure 1. Line profiles of SiS in the L1157-B1 shock. The line
intensity is in main beam temperature (Tmb). The transition, fre-
quency, upper level energy, and HPBW are labeled in the top-left
corner. The baseline and the systemic velocity (+2.6 km s−1) are
indicated by the horizonthal and vertical dotted lines.
widely observed in star forming regions and used as a sign-
post of Class 0 protostars, SiS has only been conclusively ob-
served in the envelope of C-rich stars (e.g., Cernicharo et al.
2000), in Sgr B2 (Morris et al. 1975; Dickinson & Kuiper
1981) and in Orion KL (Ziurys 1988, 1991; Tercero et al.
2011). The studies concerning Sgr B2 and Orion suggested
that, similarly to SiO, SiS is produced in shocks but the lack
of resolved observations prevented to confirm its association
to shocks and to investigate its chemical origin.
An interesting target to study the chemistry of shocks at
the early protostellar stage is the B1 shock along the L1157
outflow. This is produced by the high-velocity precessing jet
driven by the low-mass Class 0 source L1157-mm (L∼ 3 L⊙,
d∼ 250 pc) (e.g., Gueth et al. 1996; Podio et al. 2016). Re-
cent observations highlight an unprecedented chemical com-
plexity due to dust grain destruction and show that this
region is an ideal laboratory to benchmark chemical models
and to investigate the formation routes of “exotic” molecu-
lar species (e.g., Fontani et al. 2014; Mendoza et al. 2014;
Podio et al. 2014; Codella et al. 2015).
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Figure 2. Line profiles of SiO in the L1157-B1 shock. The line
intensity in main beam temperature (Tmb) from
29SiO (red), and
30SiO (blue) is overplotted on the main isotopologue, 28SiO (gray),
by multiplying for their solar isotopic ratios ([28Si/29Si]⊙ =19.7,
[28Si/30Si]⊙ = 29.8, Anders & Grevesse 1989). The transition, fre-
quency, upper level energy, and HPBW for the main isotopologue
are labeled. The baseline and the systemic velocity (+2.6 km s−1)
are indicated by the horizonthal and vertical dotted lines. The
redshifted component which seems to be associated to 29SiO 2−1
is due to blending with the 13CH3OH 41,3-3−2,2 line.
In this letter we present a survey of Si-bearing molecules
in the protostellar shock L1157-B1, based on IRAM-30m and
PdBI observations. We report several lines from SiO and
the first detection of SiS in a protostellar shock and, more
generally, in a low-mass star-forming region. The fraction-
ation and abundance of SiO and SiS are estimated. Then
we discuss the chemical origin of SiO and SiS, which may
be either directly released from dust grains in the shock or
formed through gas-phase processes. This kind of study is a
key step towards the understanding the chemical complexity
in the interstellar medium up to the formation of complex
organic and pre-biotic molecules.
2 OBSERVATIONS
The L1157-B1 protostellar shock (αJ2000 = 20
h 39m 10.s2,
δJ2000 = +68
◦ 01′ 10.′′5) was observed with the IRAM-30m
telescope as part of the ASAI Large Programme1. The ob-
servations were obtained in 2011-2012 with the broad-band
EMIR receivers and the FTS spectrometers in their 200
kHz mode (velocity resolutions of 0.17–0.75 kms−1). The
IRAM-30m data were processed using GILDAS/CLASS902
software. The spectra were baseline-subtracted and resam-
pled to resolution of 1.4 kms−1 for SiO and 2.2 kms−1 for
SiS to increase the signal-to-noise. Line intensities were con-
verted from antenna temperature, Ta, to main-beam bright-
ness temperature, Tmb, using the main-beam efficiency, ηmb
tabulated on the IRAM website.
1 http://www.oan.es/asai
2 http://www.iram.fr/IRAMFR/GILDAS
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Figure 3. Left panel: Integrated map of the L1157 blueshifted outflow in CO 1− 0 (colour scale from −3 to 9 Jy km s−1/beam, VLSR =
−8/+ 2.4 km s−1) and SiO 2− 1 (white contours from 1 Jy km s−1/beam with steps of 0.6 Jy km s−1/beam, VLSR = −18/+ 5 km s
−1)
(Gueth et al. 1996, 1998). The magenta and black ellipses show the HPBW of CO (3.′′6× 3.′′0, PA=90◦) and SiO (2.′′8× 2.′′2, PA=56◦).
The black diamonds along the precession pattern modeled by Podio et al. (2016) (solid black line) indicate the position of the driving
source, L1157-mm, and of the spots where the episodic jet impacts on the B2 and B1 cavity walls. Right panels: Zoom-in on the L1157-B1
cavity. The emission clumps are labeled according to Benedettini et al. (2007) (cyan crosses). Integrated SiS 9−8 emission (blue contours,
−10/+2.6 km s−1) is overplotted on SiO 2−1 (grey scale and black contours) integrated over low velocities (LV: −8/+5 kms−1) (center)
and over high velocities (HV: −18/−10 km s−1) (right). The first contour is at 5σ with steps of 1σ for SiS and 3σ for SiO (1σ = 0.01 Jy
km s−1/beam for SiS, and 0.15 Jy km s−1/beam for SiO). The blue and black ellipses show the HPBW for SiS (1.′′88×1.′′77, PA=48◦) and
SiO (2.′′8×2.′′2, PA=56◦), respectively. The magenta diamond and dashed circles show the pointing and minimum/maximum HPBW of
the IRAM-30m observations (see Table B1). The solid magenta circle show the IRAM-30m HPBW for SiS 9−8.
The single-dish data were complemented by high angu-
lar resolution observations taken with the IRAM-PdB inter-
ferometer (project X058). The SiS 9− 8 line at 163376.78
MHz was observed using the WideX backend, which cov-
ers a 4 GHz spectral window with a spectral resolution of
∼ 2 MHz, i.e. ∼ 3.6 km s−1. The calibration was carried
out with GILDAS-CLIC following standard procedures. The
clean beam is 1.′′88× 1.′′77 (PA=48◦) and the rms noise is
∼ 10 mJy kms−1/beam. The comparison of the SiS 9− 8
spectrum extracted from the PdBI map over a region of 15′′
with the spectrum obtained with IRAM-30m (HPBW∼ 15′′)
indicates that with PdBI about 75% of the line flux is re-
covered (see Fig. A1 in Appendix A).
3 RESULTS
The IRAM-30m spectra show emission from two Si-bearing
molecules: SiO and its isotopologues 29SiO and 30SiO (7
transitions identified from the 2− 1 to the 8− 7, Eup from
6 to 75 K) and, for the first time in a protostellar shock, SiS
(5 lines from the 5−4 to the 15−14, Eup ∼ 13−105 K). The
spectra are shown in Figs. 1 and 2 and the line properties
are summarised in Table B1 in Appendix B.
The SiS and SiO lines peak at blue-shifted velocity, ∼
−4 kms−1 with respect to systemic (Vsys = +2.6 km s
−1),
and show a similar profile at low velocities (|V −Vsys| ≤ 12
kms−1). However, the SiS lines are ∼ 100−200 times weaker
than the SiO lines arising from upper levels with similar
energies. Moreover, the SiO lines show a high velocity wing
extending up to −20 kms−1 likely originating in the strong
shock occuring where the jet impacts the cavity walls (see
Sect. 3.2).
3.1 Si isotopic ratios and SiO optical depth
The ratio between 28Si and its isotopes 29Si and 30Si in
the local ISM has been so far poorly constrained. Obser-
vations of 29SiO and 30SiO in the Galactic center and in
Orion (Penzias 1981; Tercero et al. 2011) indicate an iso-
topic ratio in agreement with the Solar System ([29Si/30Si]⊙
= 1.5, Anders & Grevesse 1989). The secondary-to-primary
isotope ratios, [29Si/28Si] and [30Si/28Si], are more difficult
to estimate because the lowest transitions of 28SiO are likely
optically thick (Penzias 1981). Observations of 28SiS and
29SiS in Orion KL provided an average value of 28Si/29Si
= 26±10 (Tercero et al. 2011), which is consistent with the
Solar isotope ratio within the large reported uncertainty
([28Si/29Si]⊙ = 19.7, Anders & Grevesse 1989). Moreover,
Monson et al. (2017) recently developed a method to cor-
rect the 28SiO 1−0 line for optical depth and showed that
the Si isotope ratios are uniform across the Milky Way and
shows only a modest increase of the secondary isotopes. To
derive an estimate of the Si isotopic ratios in the L1157-B1
shock we compute the line intensity ratios 28SiO/29SiO and
28SiO/30SiO in the 6− 5 and 5− 4 lines, which are likely
optically thin for all the three isotopologues. For a given
transition the frequencies, upper level energies, and Ein-
stein coefficients for the three isotopologues are comparable,
therefore the abundance ratio can be directly derived from
the line ratio. The 28SiO/29SiO and 28SiO/30SiO ratios in
the high velocity wings of the 5− 4 and 6− 5 transitions
(V −Vsys =−17/−7 kms
−1) are in excellent agreement with
the solar isotopic ratio (28SiO/29SiO = 18.8,19.7), while at
low velocities the ratios are 10%-15% lower (28SiO/29SiO
= 16.5,17.3) (see Fig. 2). This suggests that opacity effects
are responsible for previous estimates of low 28SiO/29SiO
and 28SiO/30SiO ratios relative to solar (Penzias 1981) and
MNRAS 000, 1–6 (2015)
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Figure 4. Rotation diagram for SiS. The derived column densi-
ties and rotational temperature are labeled.
Table 1. Beam-averaged column densities and abundances of SiS
and SiO in the clumps B1a and B1c. The last column report the
SiO/SiS abundance ratio.
Clump NSiS NSiO XSiS XSiO SiO/SiS
(1013 cm−2) (1014 cm−2) (10−8) (10−6)
B1a ≤ 0.5 9.3 ≤ 0.6 1.0 ≥ 180
B1c 1.8 4.4 2.0 0.5 25
that Galactic chemical evolution has apparently not led to
significant changes of the Si isotope ratios in the past 4.6 bil-
lion years in our region of the Galaxy. Based on the above
analysis we adopt Solar isotopic ratios and estimate the op-
tical depth of the 28SiO 2−1 line (τ ∼ 0.7−1.9).
3.2 SiO and SiS: distribution and abundance
The left panel of Fig. 3 shows the structure of the blueshifted
outflow driven by the L1157-mm Class 0 protostar in CO 1−
0 and SiO 2−1 (Gueth et al. 1996, 1998). The high-velocity
(∼ 87 kms−1) precessing jet first observed by Podio et al.
(2016) (black solid line) excavated two main cavities, B1 and
B2, located at about 18000 AU and 33000 AU distance from
L1157-mm. These cavities are well traced by low velocity CO
1− 0 emission (Gueth et al. 1996). The peaks of SiO 2− 1,
instead, probe the regions where the episodic jet impacted
the cavity walls at dynamical timescales t = 1800,1100,950 yr
(black diamonds). The strong shocks occuring at these loca-
tions destroy the dust grains, releasing in gas-phase the sili-
cates in the cores, as well as the molecules frozen on the icy
mantles (e.g., Bachiller & Pe´rez Gutie´rrez 1997; Arce et al.
2008). The right panels of Fig. 3 show a zoom-in of the
clumpy structure of the B1 cavity both in SiO 2−1 (black
contours, Gueth et al. 1998) and SiS 9− 8 (blue contours,
this work). The maps indicate that SiS and SiO originate
from different regions in the L1157-B1 cavity. While SiO
peaks at the positions where the jet impacted the cavity
walls (i.e. B1a and B0e), the bulk of SiS emission is located
at the head of the cavity B1c, located ∼ 2000 AU south of
B1a. This anti-correlation is even more evident when com-
paring SiS with the SiO high-velocity emission which is ex-
clusively detected in the B1a and B0e clumps.
In order to investigate the origin of the observed SiS
and SiO emission, we derive their column density and abun-
dance. First, the rotational diagram of the SiS lines is used to
obtain an estimate of the gas temperature and SiS average
column density over the cavity. We assume LTE optically
thin emission and that the emitting size is the same for all
the SiS transitions, i.e. ∼ 3′′ (see the PdBI map of SiS 9−8
in Fig. 3). We derive Trot ∼ 24±2 K and NSiS ∼ (4±1)×10
13
cm−2 (see Fig. 4). The derived temperature is in agreement
with the value estimated in the cavity from the analysis of
other molecules (e.g., Lefloch et al. 2012; Mendoza et al.
2014; Podio et al. 2014).
However, as SiS and SiO probe different regions of
L1157-B1, in order to investigate their relative abundance
across the shock, we extract the SiS 9− 8 and SiO 2− 1
line intensities from the correponding PdBI datacubes at
the position of the B1a and B1c clumps. The extracted
spectra are shown in Fig. C1 in Appendix C. The beam-
averaged SiS and SiO column density at the B1a and B1c
positions is derived from the SiS 9−8 and SiO 2−1 line in-
tensity integrated over their whole velocity profile (−17/+8
kms−1) assuming optically thin and thermalized emission
at TK ∼ Trot = 25 K, as estimated from the rotational di-
agram. In the case of SiO the derived column density is
corrected for the optical depth across the line profile, i.e.
NSiO = Nthin × τ/(1− exp
−τ ). Then, the abundances of SiS
and SiO are derived as XX = XCO×NX/NCO, where the col-
umn density in the outflow cavity is NCO = 9× 10
16 cm−2
(Lefloch et al. 2012) and the abundance of CO with respect
to H2 is assumed to be XCO = NCO/NH2 = 10
−4. Considering
the uncertainty on the line fluxes (due to the rms noise as
reported in Tab. B1, ≤ 10%, and to calibration, ∼ 20%), and
on the estimated gas temperature in the cavity (TK ∼ 25−80
K, see Lefloch et al. 2012) the derived column densities and
abundances are affected by an error of ≤ 30%. The derived
SiS and SiO column densities and abundances are summa-
rized in Tab. 1. Interestingly, the relative abundance of SiS
with respect to SiO varies by about one order of magnitude
across the L1157-B1 shock, i.e. SiO/SiS = 25 in the head of
the cavity B1c, and > 180 at the jet impact region B1a.
4 THE ORIGIN OF SI-BEARING MOLECULES
The different abundance and spatial distribution of SiO and
SiS strongly suggest a different chemical origin. There is
general consensus that in quiescent clouds most of silicon
is trapped into the dust grains cores (only ≤ 10% may be
in the mantles or in gas-phase in the form of Si or Si+,
Gusdorf et al. 2008b). However, silicon can be released in
shocks in the form of atomic Si and/or SiO due to gas-grain
collisions (sputtering) and/or grain-grain collisions (shat-
tering and vaporisation). The latter produces SiO early in
the shock while sputtering is only the first step in the pro-
duction of SiO through the reactions of Si with O2 or OH
(Gusdorf et al. 2008a; Guillet et al. 2011). It appears then
clear that SiO is a natural product of the release from dust
grains cores and mantles in the shock.
On the other hand, the origin of SiS is unclear. One
possible scenario is that SiS is trapped in the core of dust
grains and released in gas-phase in the shock. Observations
of evolved stars show that SiS depletes before SiO. Hence,
at difference with SiO, the release of SiS would occur only
MNRAS 000, 1–6 (2015)
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in strong shocks which are fully destroying the grains. How-
ever, a direct release from dust cores is in contrast with our
observations as SiS is not detected at the jet impact site
B1a, where we have evidence of a strong shock, but at the
head of the cavity in the B1c clump.
Alternatively, ion-neutral gas-phase processes involving
Si+ may convert part of the released silicon into SiS. This
hypothesis is supported by Spitzer observations showing Si+
emission in L1157-B1 (Busquet et al., in prep). This suggests
that not all the released silicon is converted into SiO and that
Si+ is easily produced by C+ and SiO whose abundance is
enhanced in the shock (C+ + SiO → Si+ + CO). Accord-
ing to the existing chemical networks, e.g. KIDA3, the only
reaction producing SiS is HSiS+ + e− → H + SiS, where
HSiS+ can be formed starting from Si+ through the follow-
ing sets of reactions: (1) Si+ + OCS → SiS+ + CO, SiS+ +
H2 → HSiS
+ + H; or alternatively (2) Si+ + H2 → SiH2
+,
S + SiH2
+ → H + HSiS+. However, laboratory experiments
show that SiS+ and Si+ do not react with H2 (Wlodek et al.
1987; Wlodek & Bohme 1989). Hence, the formation of SiS
through recombination of HSiS+ is unlikely.
Based on the above discussion, we suggest that SiS is
likely formed through neutral-neutral gas-phase reactions in-
volving atomic Si or molecules such as SiHn (with n=1, 2, 3,
4), e.g. Si + S/S2/HS and SiHn + S/S2/HS. However, these
reactions are not included in the existing chemical networks,
hence experimental determinations or accurate theoretical
predictions of the reactions barriers and rates are required
to verify their efficiency.
In conclusion, according to our observations the L1157-
B1 shock consists of two “chemically” distinct regions: the
northern region where the jet impacts the cavity walls (B1a
clump) is dominated by the release from grains of species
formed in the grain cores and mantles, and the older cav-
ity B1c excavated by previous ejection episodes, where new
molecules such as SiS are produced by gas-phase processes.
5 CONCLUSIONS
In this paper we report the first detection of SiS in a low-
mass star-forming region and in particular in the L1157-
B1 protostellar shock. Interferometric observations of the
shock obtained with the PdBI show for the first time that
SiO and SiS have a different spatial distribution. We specu-
late that this is due to the different chemical origins of the
two molecules. SiO peaks where the high-velocity molecular
jet reported by Podio et al. (2016) impacts the cavity walls
(the B1a clump) producing a maximum SiO abundance of
∼ 10−6. Therefore, SiO is a probe of silicates released from
dust grains in shocks. The SiS emission, instead, is detected
only at the head of the cavity in the B1c clump ([SiS/H2]
∼ 2×10−8). This points against a direct release of SiS from
the grain cores and suggests that SiS should be produced
by gas-phase reactions using the released species. The exist-
ing chemical databases indicate only one formation route for
SiS, the reaction HSiS+ + e− → H + SiS. However, labora-
tory experiments show that it is not possible to hydrogenate
Si+ and SiS+ to form HSiS+. Therefore, we propose that
3 http://kida.obs.u-bordeaux1.fr
SiS is formed by neutral-neutral gas-phase reactions, which
are currently not included in the existing chemical networks.
The determination of their reaction rates and their imple-
mentation in the chemical network is crucial to understand
the chemistry of Si-bearing molecules and will be the subject
of a follow-up paper.
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Figure A1. SiS 9− 8 intensity profile extracted from the PdBI
datacube integrating on 15” area (red line) is overplotted on the
IRAM-30m spectrum (HPBW ∼ 15”) (grey histogram).
APPENDIX A: MISSING FLUX
Figure A1 shows the comparison between the SiS 9− 8 in-
tensity profile extracted from the PdBI datacube over an
area of 15” and the single-dish IRAM-30m spectrum (HPBW
∼ 15”). About 75% ± 20% of the flux is recovered by the
PdBI observations.
APPENDIX B: SIO AND SIS LINE
PROPERTIES
Table B1 summarizes the line properties (transition, fre-
quency (ν0) in MHz, upper level energy (Eup) in K) and their
observational parameters (telescope half power beam width
(HPBW) in arcseconds, peak temperature (Tpeak) in main-
beam temperature units, and integrated intensity (
∫
TmbdV)
in K kms−1).
APPENDIX C: SIO 2-1 AND SIS 9-8 LINE
PROFILES
Figure C1 shows the SiS 9− 8 and SiO 2− 1 line intensity
extracted from the correponding PdBI datacubes at the po-
sition of the B1a and B1c clumps.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Table B1. Properties of SiO, 29SiO, 30SiO, and SiS lines.
Line ν0
a Eup HPBW Tpeak
∫
TmbdV
b
(MHz) (K) (′′) (mK) (K km s−1)
SiO
2-1 86846.96 6 28 1715 ± 2 16.66 ± 0.01
5-4 217104.98 31 11 2514 ± 3 26.71 ± 0.02
6-5 260518.02 44 9 1688 ± 5 17.19 ± 0.03
29SiO
2-1 85759.20 6 29 188 ± 1 1.71 ± 0.01
5-4 214385.75 31 11 162 ± 3 1.44 ± 0.02
6-5 257255.22 43 10 106 ± 4 0.87 ± 0.03
30SiO
2-1 84746.17 6 29 103 ± 1 0.93 ± 0.01
5-4 211853.47 31 12 114 ± 3 0.99 ± 0.02
6-5 254216.66 43 10 79 ± 3 0.70 ± 0.02
SiS
5-4 90771.56 13 27 9 ± 1 0.068 ± 0.005
6-5 108924.30 18 23 12 ± 2 0.093 ± 0.009
8-7 145227.05 31 17 14 ± 3 0.09 ± 0.02
9-8 163376.78 39 15 16 ± 4 0.14 ± 0.02
14-13 254103.20 91 10 10 ± 3 0.09 ± 0.01
15-14 272243.06 105 9 22 ± 6 0.12 ± 0.03
aFrequencies are from the CDMS database (Mu¨ller et al. 2001).
bThe line intensity is integrated on the velocity range [−20,+5]
km s−1 for SiO and [−10,+2.6] km s−1 for SiS. The reported error
is due to the rms noise (the error due to calibration is ∼ 20%).
Figure C1. Intensity profiles of SiO 2− 1 (grey histogram) and
SiS 9− 8 (blue line, the intensity is multiplied by 80) in the B1a
and B1c clumps of the L1157-B1 shock. The baseline and the
systemic velocity (+2.6 km s−1) are indicated by the horizonthal
and vertical dotted lines.
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